Introduction
Hydrocarbon emissions from natural gas engines consist mostly of unburned methane. As methane is a strong greenhouse gas, it is of vital importance to remove it from the exhausts. Palladium-based catalysts have been extensively explored for the complete combustion of CH 4 thanks to facile methane dissociation, a step that is often considered to be rate-determining. Among those catalysts, the bimetallic Pd-Pt system has attracted interest [1] [2] [3] [4] . Recent studies report that supported Pd-Pt catalysts exhibit higher sulfur tolerance CONTACT Natalia M. Martin Natalia.Martin@chalmers.se Supplemental data for this article can be accessed at http://dx.doi.org/10.1080/2055074X. 2017.1281717 and long-term stability than supported Pd alone and may show improved activity for methane oxidation with time [1, [4] [5] [6] [7] [8] [9] . Also, Pd-Pt catalysts are less prone to sintering in oxidative environments compared to supported Pt only [10] .
For monometallic Pd catalysts, significant amount of work has been focused on understanding the active phase of Pd during methane oxidation. Previous results show that a particular facet of bulk palladium oxide, PdO(101), has a uniquely high activity for the complete oxidation of methane at low temperatures [11, 12] .
The reason being that the PdO(101) surface expose under-coordinated sites that facilitate the dissociation of methane. One may envisage that such sites, or similarly under-coordinated sites, can exist on supported Pd particles under oxidising conditions, explaining the observed high activity for Pd-based catalysts. On the contrary, for Pt catalysts, the formation of platinum oxides is detrimental for methane oxidation. Instead, the metallic surface is active. Transient operation, however, of the feed gas stoichiometry can be used to promote methane oxidation over supported Pt catalysts by minimising the detrimental effect of oxygen [13, 14] . In fact, in comparison with metallic Pt prevailing under netreducing conditions, transient operation may induce an even more (non-stable) active state that is rich in highly reactive oxygen species [15, 16] . Hence, when supported on alumina, Pd is the most active metal for lean operation conditions whereas Pt is more efficient when rich conditions prevail [17] . For bimetallic Pd-Pt catalysts, however, little is known about the oxidation behavior of the bimetallic phase and its relation to the catalytic activity for methane oxidation.
Automotive catalysts frequently operate in dynamic environments, alternating between net-oxidising (lean) and net-reducing (rich) conditions, such that the surface composition and structure of the catalyst continuously change. For example, such treatments may induce significant reconstructions in the surface structure of bimetallic catalysts [18] [19] [20] [21] . This can have dramatic effects on the overall performance of the catalyst as the catalytic properties change correspondingly. In our recent publication [22] we have studied the influence of catalyst calcination conditions on the oxidation and reduction behavior of bimetallic Pd-Pt catalyst. It is shown that bimetallic Pd-Pt nanoparticles are formed after calcination at high temperature, 800 • C, both in dry and wet air. The bimetallic nanoparticles expose a Pd-Pt metallic surface enriched in Pd under reducing conditions, while under oxidising conditions a PdO phase dominates the surface. PdO is present both in form of crystals at the surface of the Pd-Pt particles and as isolated PdO crystals on the support oxide. However, for the sample calcined at 500 • C, no alloy formation is observed, but individual monometallic Pd or Pt nanoparticles that are oxidised to PdO and PtO x under oxidising conditions.
The present study addresses low-temperature oxidation of methane during lean-rich cycling over PdPt/Al 2 O 3 catalysts that have been calcined at different temperatures and atmospheres. In particular we have employed operando Fourier transform infrared spectroscopy (FTIR) and in situ X-ray absorption spectroscopy (XAS) to follow the evolution of surface species and changes in chemical state of the Pd-Pt phase, respectively, during lean-rich cycling. The composition of the effluent stream was monitored by mass spectrometry (MS). The results show that the changes in activity for methane oxidation over bimetallic PdPt catalysts correlate to changes in white line intensity of the Pd K edge in X-ray absorption spectra. Further, the changes in methane conversion observed when dynamically changing feed gas stoichiometry are strongly connected to oxidation and reduction of the active Pd phase. An increased activity is observed when PdO forms on the surface of the bimetallic Pd-Pt nanoparticle samples. The surface speciation reveals that carbonyls adsorbed on the noble metals are formed during rich conditions and a clear difference is observed in the carbonyl infrared spectra for the alloyed compared to the non-alloyed particle samples.
Experimental section

Catalyst preparation
Model catalysts with 2.0 wt.% Pd and 0.4 wt.% Pt supported on γ -Al 2 O 3 were prepared by incipient wetness impregnation followed by calcination in either air at 500 • C for 2 h, in air 800 • C for 10 h or in air with addition of 10% water at 800 • C for 10 h. The different samples are summarised in Table 1 . For simplicity, the samples will hereafter be referred to by their sample ID. The as prepared catalysts have been characterised ex situ by X-ray diffraction and transmission electron microscopy (TEM) as described in more detail in our recent publication [22] . Operando FTIR and MS, and in situ XAS were employed to study the methane oxidation over the bimetallic Pd-Pt catalysts as described below.
In situ XAS measurements
The in situ XAS measurements of the platinum phase were performed at beamline I811 at MAX IV Laboratory, Lund, Sweden [23, 24] . The Pt L III edge at 11,564 eV was measured in fluorescence mode (45 • geometry). A Pt foil was used for energy calibration. The XAS measurements included both the X-ray absorption near edge structure (XANES) and the extended X-ray absorption fine structure (EXAFS) regions. Fourier transformation of the k 2 -weighted EXAFS data to the R space was done between k = 3 and k = 14 Å −1 for the Pt L III edge. Steady-state methane oxidation experiments feeding 0.1% CH 4 and 1.4% O 2 (for 30 min) at a sample temperature of 360 • C to a specially designed reaction cell [25] were performed. Prior to the methane oxidation experiments the samples were reduced in a flow of hydrogen (5% H 2 ) at 360 • C.
The time-resolved in situ XAS measurements of the palladium phase were performed at the energydispersive (ED) beamline ID24 at the European Synchrotron Radiation Facility (ESRF) in Grenoble, France [26] . The Pd K edge at 24,350 eV was measured in Table 1 . Nomenclature, noble metal content, calcination conditions and (rough average) particle size for the Pd-Pt catalysts samples. Particle sizes were estimated from TEM analysis of the as-prepared samples. transmission mode using synchronous MS, see below.
Energy calibration was performed using a Pd metal foil. The measurements were performed using a Si [311] polychromator in Bragg configuration and a FreLoN detector. The experimental set-up included a specially designed reaction cell developed at ID 24, which has a small reactor volume in which a sample cup with a diameter 5 mm and a depth 2.5 mm loaded with about 40 mg of catalyst powder is positioned. The gas composition is controlled by mass flow controllers (Bronkhorst) and introduced to the cell via air-actuated high-speed gas valves (Valco, VICI). All in all facilitating rapid gas composition changes over the catalyst sample. Details of the experimental setup and analysis have been described previously [22, 27] . At ESRF, methane oxidation measurements were performed at 360 • C with 3 min length pulses of 1.5% O 2 in an otherwise constant flow of 0.1% CH 4 . The pulses were repeated eight times to give a total duration of the experiment of 48 min. The introduction of the first O 2 pulse triggered the recording of the XAS spectra. He was used as carrier gas, and the total gas flow was kept constant at 75 ml/min.
Operando FTIR
The operando FTIR measurements were performed in diffusive reflectance (DRIFT) mode with a BRUKER Vertex 70 spectrometer equipped with a hightemperature stainless steel reaction cell (Harrick Praying Mantis TM High Temperature Reaction Chamber) with KBr windows and a nitrogen-cooled MCT detector. The reaction cell contains a sample cup with a diameter of 6 mm and a depth of 3 mm. The wavenumber region between 790 and 3800cm −1 was measured with a spectral resolution of 4 cm −1 . The temperature of the sample holder was measured by a thermocouple (type k) and controlled by a PID regulator (Eurotherm). Feed gases were introduced into the reaction cell via individual mass flow controllers, providing a total flow of 100 ml/min in all experiments. Moreover, the O 2 feed was introduced via a high-speed gas valve (Valco, VICI) in order to provide precise transients. Prior to each experiment the samples were pre-treated at 500 • C with 2% O 2 in Ar for 10 min and 1% H 2 in Ar for 10 min and then a background spectrum was collected after the sample has been cooled to 360 • C in a Ar flow. The catalytic performance of the catalysts for methane oxidation was measured at 360 • C with 3 min length pulses of 1.5% O 2 in an otherwise constant flow of 0.1% CH 4 at a constant 100 ml/min total flow. The pulses were repeated 12 times and the spectra were recorded every 4.3 s. After the last CH 4 + O 2 pulse, 0.05% CO was introduced to the reaction cell for 10 min, also at a constant 100 ml/min total flow. The product stream was continuously analysed by MS (Hidden Analytical, HPS-20 QIC) following the m/e ratios 2 (H 2 ), 15, 16 (CH 4 ), 18 (H 2 O), 28 (CO), 40 (Ar) and 44 (CO 2 ).
Results and discussion
The results from the spectroscopic and kinetic measurements of methane oxidation over the three PdPt/Al 2 O 3 catalysts during periodic variation of the feed gas composition between 1.5% O 2 + 0.1% CH 4 (netoxidising or lean conditions) and 0.1% CH 4 (net-reducing or rich conditions) at a sample temperature of 360 • C are shown in Figure 1 . The figure displays data for the fifth to seventh cycle in the lean-rich cycle sequence, i.e, pulses for which repeatable responses are achieved, where periods with lean conditions are shaded pale red. Omitting the first cycles is a generally established approach in this type of pulse-response experiment, as during an initial period, the system under study usually undergoes some dynamical changes for which the measured responses are not repeatable. The top panels show the color-coded intensities (red corresponds to high intensity, blue to low intensity) of the DRIFT spectra in the wavenumber region 1200-3800 cm −1 vs. time, while the middle panels show the white line intensity of the Pd K edge measured with ED XAS. Finally the MS kinetic data, i.e. outlet concentrations of CH 4 , CO 2 , O 2 and H 2 , are shown in the bottom panels. The DRIFTS/MS data have been recorded simultaneously in a true operando approach in our home laboratory, while the in situ XAS data have been collected at the synchrotron. For this reason slightly different reaction cells were used, as described above, which potentially may cause some discrepancies due to, in the first place, different dead volumes. Fortunately, however, this has no severe implications on the interpretations of the results, for which the trends can be well compared and correlated, especially during the lean periods, as will be discussed below.
During the cycling experiment the evolution of IR absorption bands corresponding to adsorbed carbonyls, i.e. CO adsorbed on the noble metal particles, are observed in the region 1800-2000cm −1 for all samples during the second half of the rich periods. For the F500 sample, the formation of CO gives rise to both linearly bound carbonyls (IR bands at higher wavenumbers) and bridge-bonded carbonyls (IR bands at lower wavenumbers), which rapidly are oxidised and thus disappear from the spectra directly after the switch to the lean phase. For the F800 sample, the carbonyl bands form earlier compared to the F500 sample while for the L800 sample a delay is observed. For both the F800 and L800 samples, mostly the carbonyl band at lower wavenumbers is visible, reflecting that bridgebonded CO is the dominating carbonyl species. Upon introduction of oxygen, the adsorbed carbonyl species vanish abruptly due to the fast CO oxidation reaction as for the F500 sample. The evolution of linear carbonyls (integration of IR bands in the region 2000-2100 cm −1 ) and bridged carbonyls (integration of IR bands between 1730 and 2000 cm −1 ) on the metal (Pd, Pt or PdPt) vs. time are shown in Figure S1 (Supporting Information), together with the CO outlet concentration measured by MS. A clear difference between the linear vs. bridged carbonyl species for the F800 and L800 samples compared to F500 sample is seen. This will be discussed in more detail below.
The white line intensity of the Pd K edge has been used to follow the change in the oxidation state of Pd as previously reported [27] , and the results, summarised in the middle panel of Figure 1 , show that the changes in activity for CH 4 oxidation can be connected to changes in white line intensity in the X-ray absorption spectra.
There is an increase in the white line intensity during the lean periods for all samples and the spectra resemble the PdO spectrum, suggesting the formation of PdO, while there is a fast decrease of the white line intensity at the switch to rich periods suggesting a reduction to a metallic Pd state, in agreement to our previous findings on the oxidation/reduction behavior of PdPt catalysts [22] . Therefore, we expect a restructuring of the surface of the bimetallic nanoparticles to occur during the dynamic methane oxidation experiments. A clear difference in the oxidation behavior of the F500, F800 and L800 samples can be seen, where the latter two show a continuous increase in the oxidation state of Pd during the lean periods. This suggests that the alloyed nanoparticles obey a different oxidation kinetics compared to the monometallic nanoparticles during methane oxidation, which may be due to alloying, that can affect the oxide formation, but also different particle size distribution and/or shape. When switching to rich conditions the samples are reduced following a process with considerably faster kinetics compared to the oxidation process. The reduction of the L800 samples is fastest followed by the F500 and L800 samples.
Since our previous results on the oxidation behavior of Pd-Pt catalysts reveal oxidation of Pt for the F500 sample, a similar experiment has been performed by measuring the Pt L III edge during methane oxidation. state, in contrast to the spectra for the F800 and L800 samples that are similar to the spectrum for Pt foil. The associated Fourier transforms are shown in Figure  2 (b), where R represents the radial distance from the adsorbing atom. The spectra for the F800 and L800 samples feature a double peak at about 2.2 and 2.7 Å similar to the Pt foil reference spectrum, which has been attributed to Pt-M bond (M = Pt or Pd). For the F500 sample some peaks are observed at significantly shorter distance, suggesting a Pt-O bond in agreement to our previous results on the oxidation of Pd-Pt catalysts [22] . Thus, the XAS results suggest that during lean methane oxidation conditions both Pd and Pt are oxidised for the F500 sample, while only Pd is oxidised for the F800 and L800 samples.
The concentrations in the effluent stream for all samples are qualitatively similar to our previous results on lean methane oxidation over Pd/Al 2 O 3 [27] . During lean-rich cycling, temporary high activity for methane oxidation is seen at the switches to the lean periods as has been reported previously for both Pd and Pt supported on alumina [13] . This is due to a transition from a reduced to an oxidised surface that involves a passage of a surface composition that is beneficial for the catalytic activity. Additionally, the introduction of an oxygen pulse initially results in a temporary overproduction of CO 2 , which is due to the oxidation of accumulated carbonaceous species such as CH x and CO on the metal surface, as for the latter indicated by the rapid decrease in adsorbed carbonyls. After passing this transient regime, the activity decreases for a short period of time. The lower white line intensity during this state suggests that the Pd surface is being either covered with chemisorbed O atoms or a surface oxide that hinders methane oxidation as previously reported [12] . Upon further oxygen exposure, the catalysts regain activity, increasing methane conversion, which correlates with the increase in white line intensity of Pd, i.e. bulk oxidation of the Pd particles becoming more active. Thereafter a steady state conversion is reached for the remaining of the lean period. At the switches to rich conditions, the CO 2 formation declines slowly towards a low stationary level for the F500 sample while for the F800 and L800 samples the formation CO 2 rather drops within about one and a half and three minutes, respectively. For all samples the slipped methane starts to increase during the second half of the rich period. The increase appears earlier for the F800 sample compared to the F500 and L800 samples. Further, the F800 sample shows a faster transition between total methane oxidation to partial oxidation as illustrated by an increase in H 2 formation as well as adsorbed carbonyls, which can be due to smaller particle sizes. The decrease of the white line intensity appears faster than the decline in methane conversion as well as evolution of surface carbonyls for all samples. Although this difference may be attributed to differences in the experimental set-up between the two experiments (DRIFTS/MS vs. XAS) it may well be a real effect. For example, it is known that relatively large amounts of oxygen can be incorporated into the Pd structure, especially for small Pd particles [28] . Depending on the methane concentration at the surface of the particles, this may lead to a prolonged process for complete reduction of all particles such that the DRIFTS/MS measurements becomes more influenced than the XAS measurement due to higher surface sensitivity of DRIFTS and the catalytic processes as compared to the XAS.
Comparing the different Pd-Pt samples, it is clear that the activity for the ones containing alloyed nanoparticles (F800 and L800) is superior to the sample containing monometallic nanoparticles (F500), in agreement with previous reports [1, 5, 8] . This may be due to the increased amount of PdO for the alloyed nanoparticles samples, which is also indicated by the increased white line intensity in Figure 1 . However, a difference in activity between the F800 and L800 samples can also be observed. The understanding of this is presently not clear and further measurements are needed to elucidate the underlying mechanism. A possible explanation may be that the smaller particles for the F800 sample result in higher amount of PdO being formed during lean methane oxidation (also illustrated by the increased white line intensity), which is beneficial for the methane oxidation reaction. This might explain the faster reduction of the F800 sample compared to the L800 sample during the rich periods. Unfortunately, enough particle size distribution data are presently not available and thus only (rough average) particle size values are given in Table 1 . Overall, the results show an increased activity for methane oxidation under lean conditions when PdO forms on the surface of the bimetallic Pd-Pt catalysts, consistent with previous reports on methane oxidation over Pd [11, 12, 29, 30] .
To better understand the changes in surface species composition during periodic operation, a number of DRIFT spectra are shown in Figure 3 during a leanrich cycle (from 1600 to 1830 s) for the F500 (left), F800 (middle) and L800 (right panels) samples at 360 • C when the feed of CH 4 + O 2 (below 1620 s) is changed to only CH 4 flow (1620-1800 s) and back to CH 4 + O 2 (above 1800 s). The spectra reveal noticeable changes of the position and intensity of the IR bands during the cycle. The insert numbers indicate the time (in seconds) in the dynamic experiment from where the spectra were extracted. The first spectra show the absorption bands just before the introduction of the oxygen pulse. The major changes in the IR spectra take place during the rich phase, where carbonyl bands within the 1800-2100 cm −1 region start to appear. For all samples, the formation of CO species adsorbed on the metallic surface (the wavenumber region between 1800 and 2100 cm −1 ) are observed during the second half of rich period when the outlet concentrations in Figure 1 (bottom panels) show a fast decrease of the methane oxidation activity. In addition, the formation of some carbonate species on alumina (the wavenumber region between 1200 and 1600 cm −1 ) is observed during nearly the entire experiment. The intensity of these species is low compared to the carbonyl species and also disturbed by the emitting alumina support in the low wavenumber region at these conditions. Further, a broad band centered around 3575 cm −1 is observed during both lean and rich periods, with higher intensity for the F800 and L800 samples compared to the F500 sample, together with some weak negative peaks above 3800 cm −1 . The band at around 3575 cm −1 is assigned to associated hydroxyl groups, mutually interacting by hydrogen bonding, perturbing the surface hydroxyl groups leading to negative peaks in the higher wavenumber region.
Returning to the adsorbed CO species, both the linearly bound and bridge-bonded carbonyls are observed for the F500 sample (linear at 2050 cm −1 and bridged at 1920 cm −1 ). In contrast, the intensity of the linearly adsorbed CO is lower for the F800 and L800 samples such that bridge-bonded CO becomes the domination contribution. Alloying might affect the lattice parameters and electronic properties of Pd and Pt, which in turn could affect the adsorption properties of the noble metal particles, explaining the observed differences between the samples. No noticeable shifts are observed for the carbonyl bands during the rich period for any sample. It is interesting, though, to note that the carbonyl species appear with different time lag for the three samples. The F800 sample shows the first carbonyl band at about 90 s after the oxygen has been switched off, followed by the F500 sample (110 s) and L800 sample (120 s). The time at which carbonyls appear signifies the transition from total methane oxidation on oxidised noble metal surfaces to partial methane oxidation over reduced noble metal particles (as CO adsorbs preferentially on reduced sites) and thus the various time lags reflect different reduction kinetics for the noble metal particles. This may be due to that smaller particles are reduced faster than larger ones but also due to the alloying, which is likely to affect the adsorption properties. About 10 s after the introduction of O 2 , there are some changes in the DRIFT spectra: the carbonyl bands disappear and gas phase CO 2 peaks appear (centered at 2350 cm −1 ), which is likely the result of the oxidation of CH x and CO species accumulated on the surface during the rich period.
Summarising the operando DRIFTS/MS measurements, we note as a main result that when partial methane oxidation occurs at the expense of total oxidation of methane the formation of a variety of carbonyl species adsorbed on the noble metal nanoparticles occurs. Interesting differences between the different samples can be discerned: the presence of both linearly bound and bridge-bonded CO species is observed for the F500 sample, while bridge-bonded CO species dominate for the F800 and L800 samples. This suggests that the surface composition is different for the different samples, i.e. samples calcined at 800 • C vs. the sample calcined at 500 • C. It is known that there are some surface reconstructions of the bimetallic PdPt nanoparticles when exposed to oxidising/reducing conditions. The F500 sample, containing non-alloyed nanoparticles, exposes similar amounts of Pd and Pt at the surface under reduction conditions, while the F800 and L800 samples expose both Pd and Pt, although enriched in Pd, at their surfaces [22] . It is likely that this may cause the observed differences in the carbonyl spectra for the alloyed (F800 and L800) vs. the nonalloyed (F500) samples.
Isothermal CO exposure measurements
As the carbonyl spectra formed during rich periods in the transient methane oxidation experiments are significantly different for the alloyed vs. non-alloyed samples, CO was used as a probe molecule to characterise the surface of the bimetallic Pd-Pt catalysts in more detail. Figure 4 shows the DRIFT spectra for isothermal CO exposure subsequently after methane and oxygen have been removed from the feed at the end of the methane oxidation experiments performed at 360 • C. Selected spectra during the course of the CO exposure measurements for 10 min are presented in Figure S2 (Supporting Information).
Upon switching off the oxygen supply, CO starts to accumulate on the metal nanoparticles, which become reduced. It is interesting to note that no clear shift in the carbonyl band is observed as was also the case for the cycled methane oxidation experiments discussed above. This reflects that CO adsorbs on chemically stable (reduced) sites on Pd, Pt and Pd-Pt or, expressed differently, at these temperatures CO cannot adsorb onto the noble metal particles unless these are significantly reduced. The coverage of CO on the noble metal increases on all samples, at about 2 min after the CO feed has been switched on, similar to CH 4 exposure data presented in Figure 3 above (rich periods). In the case of the F500 sample, two strong absorption bands at 2051 and 1922 cm −1 develop, i.e. the linearly bound and bridge-bonded CO bands. For the F800 and L800 samples, the intensity of the linearly adsorbed CO has decreased, and an increase in the bridge-bonded CO is observed at around 1922 cm −1 . In addition, a band corresponding to bridge-bonded CO can be observed at 1850 cm −1 . Even though it is not clear whether these bands could be related to Pt sites, Pd sites or Pd-Pt sites, the observed differences indicate that CO adsorbs on different sites for the F500 sample vs. the F800 and L800 catalysts.
In an earlier report, Lapisardi et al. [8] have compared the IR spectra of CO adsorbed on Al 2 O 3 -supported Pd, Pt and Pd-Pt catalysts. The authors show that CO adsorbs mainly linearly on atop surface sites of Pt particles of Pt/Al 2 O 3 , giving rise to a single intense CO band around 2070 cm −1 , while CO was found to adsorb both linearly and in bridged form on Pd surface sites of Pd/Al 2 O 3 , giving rise to a weak absorption band around 2070 cm −1 and multiple broad absorption bands below 2000 cm −1 , as also reported by Garbowski et al. [31] . This is also in agreement with our previous report on CO adsorption on clean and oxidized Pd surfaces, which shows that CO adsorbs on a c(4× 2) configuration on both hcp and bridge sites on the Pd(111) surface [32] . When CO was adsorbed on bimetallic Pd-Pt catalysts (high Pd:Pt molar ratio, as in the present case), a decrease and a broadening of the band mainly characteristic of CO adsorbed on Pt surface has been noted (band at 2070 cm −1 ) together with a broad band between 1800 and 2000 cm −1 [8] . Further, the temperature may induce a shift in the IR absorption bands, which for CO adsorbed on Pt has been reported to be 2051 cm −1 at 360 • C, and 2069 cm −1 at 280 • C [33] . Based on these observations, we assign the CO absorption band observed in our measurements at 2051 cm −1 to linearly adsorbed CO on mostly Pt sites, while the band at lower wavenumbers is assigned to CO bridge-bonded to mostly Pd. Thus, the CO adsorption measurements (as well as the partial methane oxidation results) suggest that CO adsorbs on both Pd and Pt sites on the F500 sample, while it adsorbs mostly on the Pd sites for the F800 and L800 samples. This indicates that both Pd and Pt are exposed at the surface of the F500 sample, while mostly Pd is present at the surface of the F800 and L800 samples, in good agreement with our recent publication and supporting the results of alloy formation for the F800 and L800 samples [22] .
Conclusions
This work presents a study of transient effects in the methane oxidation reaction over a series of bimetallic Pd-Pt catalysts supported on alumina and calcined at different temperatures and conditions. A good understanding of how the catalytic activity for methane oxidation and formed surface species depend on the feed stoichiometry and chemical state and structure of the Pd-Pt nanoparticles is demonstrated using operando DRIFTS and in situ XAS techniques. It is shown that changes in methane conversion observed when dynamically changing feed conditions are directly connected to oxidation and reduction of the active Pd phase. An increased activity is observed when PdO forms on the surface of the bimetallic Pd-Pt nanoparticles. In situ DRIFTS experiments show that adsorbed carbonyl species are formed during rich conditions over all studied catalysts, suggesting a similar reaction mechanism as previously observed for Pd catalysts. For the samples initially calcined at 800 • C, clear differences in the carbonyl spectra are observed as compared to the sample calcined at lower temperature, which indicate an interaction between Pd and Pt in these samples. Further, the measurements suggest that the F500 sample expose both Pd and Pt during reaction conditions, while mostly Pd is exposed for the samples calcined at 800 • C, which is oxidised to PdO under lean conditions. The results support previous reports on the most active phase of Pd during lean methane oxidation conditions being PdO and extends this conclusion to bimetallic Pd-Pt catalysts.
